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The recent discovery of RNA interference (RNAi) technology for gene therapy has triggered extensive
research efforts for developing small interfering RNA (siRNA) loaded nanocomplexes of chitosan and its
derivatives for silencing genes. Due to its large molecular weight (∼13 kDa) and polyanionic nature (∼40
negative phosphate groups), naked siRNA does not freely cross the cell membrane. Therefore, its efficient
intracellular delivery requires suitable carriers to overcome the intrinsic, poor intracellular uptake and
limited blood stability. Among viral and non-viral delivery vectors, the use of non-viral vectors such as
iRNA
hitosan
argeted delivery
anoparticles

chitosan or its derivatives is attractive, since these polymers are biodegradable, biocompatible, with low
toxicity and high cationic potential. Even though much of the technology-base has been well established
for targeted delivery of plasmid DNA using chitosan and its derivatives, only recently, has the technol-
ogy been applied to the targeted delivery of siRNA. This review will explore the factors that are most
important in enhancing transfection efficiency and cell specificity in vitro and in vivo including degree
of deacetylation, molecular weight and chemical modification of chitosan, pH, and the charge ratio of

chitosan to siRNA.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

RNA interference (RNAi) is a potent and highly specific gene-
ilencing phenomenon triggered by double-stranded RNA helices

mediated gene silencing has been heavily investigated in cancer
therapy and other disorders due to the possible targeting of onco-
genes (Leong, 2005; Agaard and Rossi, 2007; Takeshita and Ochiya,
Fire et al., 1998; Couzin, 2002). RNAi is a process, during which
he introduction of 21–23 base pair small interfering RNA, called
iRNA in cells results in the degradation of homologous mRNA
nd specific protein knockdown. Over the past decade, siRNA-

∗ Corresponding author. Tel.: +1 512 245 3120; fax: +1 512 245 2374.
E-mail addresses: wr01@txstate.edu (W.E. Rudzinski), aminabhavi@yahoo.com

T.M. Aminabhavi).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.08.022
2006; Deshayes et al., 2008; Zhang et al., 2007a; Akhtar and
Benter, 2007; Ikeda and Taira, 2006; Gary et al., 2007; Behlke,
2006; Pack et al., 2005). Gene silencing is not unique to siRNA,
but in fact, researchers have been silencing genes using single-
stranded antisense oligodeoxyribonucleotides (ASO) for decades
(Wacheck and Zangemeister-Wittke, 2006; Gleave and Monia,

2005). Successful applications of RNAi in therapy depend upon
the effective knockdown of targeted transcripts and efficient intra-
cellular delivery of either preformed siRNA or vector expressed
siRNA.

dx.doi.org/10.1016/j.ijpharm.2010.08.022
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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Naked siRNA has a short half life of <1 h in human plasma and
ence, circulating siRNAs are rapidly cleared through the kidneys
ven before reaching the infected target tissues. For successful gene
ilencing, siRNA should reach the cytoplasm of the target cells,
ut to achieve efficient transport, siRNA should be protected from
egradation. Therefore, it is necessary to enhance the stability of
iRNA in the blood stream by binding it to a transfection vector or
arrier that may be either viral or non-viral. Viral vectors offer high
ransfection efficiency, but have safety concerns due to the poten-
ial mutation of a virus, recombination, oncogenic effects, and high
osts; thus, these have limited use in vivo. Consequently, investi-
ations have been initiated to develop safe and effective non-viral
ectors including cationic lipids (Deshayes et al., 2008; Zhang et al.,
007a; Rajesh et al., 2007; Rao and Gopal, 2006a,b), cationic poly-
ers (Pack et al., 2005) and dendrimers (Kihara et al., 2002, 2003)

ue to their better immunogenicity and safety compared to viral
ectors.

The development of sequence-specific DNA or RNA analogs
hat can block the activity of selected single-stranded genetic
equences offers the possibility of rational design with high speci-
city, lacking in many current drug treatments for various diseases
t relatively inexpensive cost. This review will address the rele-
ance and importance of nanoparticles (NPs) or nanocomplexes
repared from chitosan (CS) and chemically modified chitosan for
argeted delivery of siRNA. Chitosans are well known biopolymers
ith high cationic potential that can be prepared successfully as
Ps of 100–200 nm size and would protect siRNA from degrada-

ion during transport, and exhibit high transfection efficiency. This
eview addresses key challenges involved in siRNA delivery to tar-
eted cells using CS-based carriers. Parameters that are critical to
chieve favorable tranfection efficiency such as degree of deacety-
ation (DD), molecular weight (MW), pH and N/P ratio (ratio of the
ositively charged CS to negatively charged siRNA) are discussed
ith representative examples. The effects of chemical modification

f CS to enhance cell specificity and transfection efficiency both in
itro and in vivo are also discussed.

. Chitosan

Cationic lipids are routinely used with great success as transfec-
ion agents in tissue culture, but their in vivo use by intravenous
dministration presents significant problems as these reagents can
e quite toxic (Verma et al., 2003; Flynn et al., 2004). Polyethylen-

mine (PEI) has been used for many years to facilitate siRNA delivery
Jere et al., 2009a,b), but due to its toxicity and variable perfor-

ance, it has not been generally accepted as a delivery tool for
ither antisense oligonucleotides or siRNA. On the other hand, CS
nd its derivatives have advantages in terms of site-specific deliv-
ry, cellular uptake and intracellular trafficking to improve the
herapeutic potential of siRNA.

Chitosan is a naturally occurring polysaccharide composed
f glucosamine and N-acetylglucosamine residues derived from
artial deacetylation of chitin, which is generally obtained from
rustacean shells. Chitosan has been recommended as a suit-
ble candidate for delivering genes (Il’ina and Varlamov, 2005;
orchard, 2001; Mansouri et al., 2004) and drugs (Agnihotri et
l., 2004a; Agnihotri and Aminabhavi, 2004b; Illum, 1998). Struc-
urally, chitin is: poly(1 → 4), �-D(N-acetyl-2-amino-2 deoxyglu-
opyranose), which upon heating in alkaline media gives chitosan,
hose chemical structure is shown in Fig. 1. The percentage of

eacetylated primary amine groups along the CS chain determines
he potential, while the positive charge density is responsible
or the electrostatic interaction with negatively charged siRNA.
nder normal physiological conditions, the reactive amine group

s partially protonated, since the pKa of d-glucosamine residue lies
ournal of Pharmaceutics 399 (2010) 1–11

between 6.2 and 7.0. At a pH value of 4.0, the amine group of CS
is fully protonated and functions as a cationic polyelectrolyte that
can interact with the negatively charged siRNA.

A high DD of CS will increase its positive charge enabling a
greater binding with siRNA. Therefore, the MW and DD of CS are
important in developing an interaction with polyanionic siRNA. The
protonated amine groups of CS neutralize the negatively charged
siRNA and ultimately facilitate the transport of siRNA across cel-
lular membranes and endocytosis into the cells. The electrostatic
interaction of the amine groups of CS with the anionic mucus layer
of the cell also enhances its mucoadhesive property. In addition,
CS is capable of encapsulating siRNA to protect it from enzymatic
degradation. Due to such favorable characteristics in addition to its
biodegradability, biocompatibility, low immunogenicity and strong
immune stimulatory capability, CS can be a safer candidate in gene
therapy than many other non-viral vectors, such as cationic lipids
and other polycationic polymers. The literature on using CS is grow-
ing exponentially and it is appropriate to compile such a data-base
for the benefit of future researchers working in this area.

3. Design criteria and requirements

In the RNAi mechanism, double-stranded siRNA associates with
nucleic acid protein complex to produce RNA-induced silencing
complex (RISC). One of the RNA strands is selected and used to
target the specific sequence in a messenger RNA (mRNA), leading
to its degradation. The synthesis of protein encoded by mRNA is
prevented and thus, RNAi technology can be used for studying func-
tional genomics and human diseases. However, the clinical utility of
systemic, therapeutic siRNA depends on developing safe and effec-
tive delivery devices to overcome the extracellular and intracellular
barriers that inhibit efficient targeting to diseased cells.

Viral-based gene delivery systems usually give high transfec-
tion efficiencies, but there are concerns stemming from potential
mutation, recombination, and oncogenic effects as well as high
cost. In contrast, non-viral transfection agents, based on cationic
polymers including CS, are promising because of diminished safety
concerns. The first report of gene delivery to mammalian cells
using cationic lipids as carriers was made in 1987 (Felgner et al.,
1987). However, lipid-based gene delivery has some crucial limi-
tations, including difficulty in reproducibly fabricating liposomes
and gene-liposome complexes, and colloidal stability, especially
upon systemic administration. In addition, non-specific cytotoxi-
city associated with cationic liposomes has been observed (Scales
et al., 2006) as well as toxicity (for example, cell death) to some cell
types in vitro and in vivo (Fillion and Philips, 1997).

The use of CS in siRNA therapies could overcome the major
bottleneck of delivery to the desired cell, tissue or organ. Since
siRNAs do not easily cross the cellular membrane due to their
negative charge and size, CS-based gene carriers could neutral-
ize charge and demonstrate significant versatility in terms of
rigidity, hydrophobicity/hydrophilicity, charge density, biodegrad-
ability and molecular weight, all of which can be adjusted to achieve
an optimal complexation with siRNA. Therefore, CS or CS-based car-
riers for gene delivery have unique advantages of systemic delivery
over other cationic lipid-based carriers.

The design criteria for CS-based devices should consider inex-
pensive facile synthesis/purification, serum stability and efficient
packaging of large siRNA as well as other issues including encapsu-
lation efficiency, protection of siRNA from degradation, targeting to

specific cell types, internalization, endolysosomal escape, nuclear
transport, efficient decomposition, safety/nontoxicity and non-
immunogenicity/nonpathogenicity. In most of these aspects, CS
would offer greater flexibility and advantages over other delivery
devices such as liposomes. Moreover, CS can be modified easily
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Fig. 1. Deacetylation

o an appropriate size range for easy targeting. Even though the
ptimal size of CS/siRNA complex is debatable, most studies sug-
est a size of around 100 nm as a general threshold below which
eceptor-mediated endocytosis is operative. Further, the positive
harge of CS would be an advantage for its favorable interaction
ith negatively charged cell membranes. Certainly, such devices
ave advantages to protect siRNA from nucleases and enable
hem to reach the cell surface without getting cleared from the
ystem.

To achieve internalization of NPs into cells, they must reach the
arget cells, bind with the negatively charged cell membrane and be
ubsequently internalized by mechanisms specific or non-specific.
o achieve gene transfer to specific cells, cell specific targeting lig-
nds, such as monoclonal antibodies, peptides and sugars need
o be conjugated to gene carriers to promote receptor-mediated
ndocytosis. Since CS or CS-based carriers have functional groups
hat are amenable to ligand conjugation, cell specific ligands can
e attached. Conjugation can be executed before or after the com-
lex formation. While the former allows for fine control of degree
f substitution, the presence of ligands may interfere with siRNA
omplexation, since the ligand may be buried in the NP and may
ot be properly presented on the surface. Thus, post complexation
onjugation is more advantageous because the reaction would nec-
ssarily decorate the NP surface. Specific ligands in CS would enable
pecific binding to the receptors of the cells to enhance transfec-
ion efficiency. The mechanism of transfection efficiency by several
pecific ligands such as galactose, mannose and folate in CS is well
stablished (Vaysse et al., 2000).

Finally, the escape of NP or siRNA into the cytoplasm is a sig-
ificant step in the gene transfer process and destabilization of
ndosomes/lysosomes by endosomolytic reagents like lipids and
eptides can enhance the gene transfer efficiency. Chitosan pos-
esses this endosomal disruptive property and a proton sponge
ype mechanism ensues when the nanocomplex enters the cell
Pack et al., 2005). The nanocomplex is surrounded by the endo-
omal membrane and because of the change in pH inside the cell;
he CS becomes more protonated, which then causes diffusion of
ater into the endosome with a concurrent increase in osmotic
ressure. Eventually, the osmotic pressure is sufficient to disrupt
he membrane and cause a release of the siRNA into the cell.

Overall, it is an extremely challenging task to design CS or CS-
ased biopolymers incorporating all the desired features into a
ingle structure, particularly in the absence of biological guidance.
or instance, chemically stable NPs prevent siRNA release, while
nstable NPs are susceptible to rapid siRNA degradation; in any
ase, both are undesirable in designing a suitable carrier.

. Chitosan-based nanocarriers for gene delivery

The adaptation of controlled release technologies to DNA deliv-

ry systems has the potential to overcome extracellular barriers
hat limit gene therapy. Compared to traditional gene delivery
ystems, controlled release systems have offered improved gene
elivery by maintaining a high concentration of DNA in the cellular
nvironment and increasing the duration of transgenic expression
itin to give chitosan.

(Luo and Saltzman, 2000). Gene silencing can be achieved either by
direct administration of siRNA or by using DNA-directed RNAi that
enables in vivo production of siRNAs. Many groups and companies
are working on developing strategies to deliver siRNAs to cells in
culture and in tissues in various animal models. Studies in the realm
of non-viral DNA gene therapy (Fernando and Fletcher, 2006) have
been ongoing for years and will continue toward improving sys-
temic delivery and transfection efficiencies to the levels required
of in vivo trials. Compared to antisense technology, siRNAs tend
to have more non-specificity in terms of the potential of broad off-
target gene modulation by a single siRNA sequence. Various studies
using peptide nucleic acids have reported the expression of multi-
ple off-target genes after the introduction of siRNA sequence into
cells (Dean, 2000; Nielsen, 2001).

Numerous research groups have reported the development
of CS-based nanocomplexes for the targeted delivery of plasmid
DNA (pDNA) (Borchard, 2001; Garnett, 1999; Gary et al., 2007;
Weecharangsan et al., 2008; Romoren et al., 2003; Sato et al., 2001).
Other studies on DNA delivery with CS as a carrier have shown
effective expression of reporter genes in vitro and in vivo (Kiang
et al., 2004; Liu et al., 2005), This review is focused on CS-based
carriers for siRNA. The concepts and protocols employed in pDNA
delivery can be adapted to siRNA delivery.

In CS-based devices, it is important to consider the appropri-
ate balance between CS and siRNA moieties in terms of N/P ratio,
i.e., number of CS nitrogens (N) per siRNA phosphates (P). Adjust-
ment of this ratio along with MW and DD of CS is crucial in order
to obtain the desired particle size and electrical zeta potential. As
regards the effect of pH, varying levels of interaction of CS with
siRNA studied under different pH conditions (4.1–9.5) investigated
by atomic force microscopy (Xu et al., 2007) indicate that pH has a
role in maintaining the stability of the nanocomplex.

In view of the limited transfection capability of nascent CS,
studies have also concentrated on chemically modifying the CS
structure to improve transfection efficiency. Based on the ear-
lier work on CS–pDNA complexes, researchers have developed CS
conjugation with polyethylene glycol (PEG) or deoxycholic acid,
trimethylation, thiolation, galactosylation, etc. (Mao et al., 2001;
Florea et al., 2006; Lee et al., 2007; Park et al., 2001). PEG conju-
gation of CS provides enhanced particle stability with minimum
aggregation without sacrificing transfection efficiency (Mao et al.,
2001). PEGylation of CS elongates the plasma circulation time and
prolongs gene transfer for sustained delivery of DNA (Zhang et
al., 2007b). Blend microspheres of PEG grafted CS with PLGA also
result in sustained release of DNA for up to nine weeks (Yun et
al., 2005). Conjugation of deoxycholic acid to CS provides a greater
formation of self aggregated nanocomplexes with pDNA (Lee et al.,
2007) while trimethylation of CS enhances its solubility at phys-
iological pH (Florea et al., 2006). Thiolated CS shows significant
enhancement of transfection when compared to the commercial

transfection reagent, lipofectin (Lee et al., 2007). Finally, conjuga-
tion of galactose with CS demonstrates enhanced targeting to liver
(Park et al., 2001). In any case, the reported literature on pDNA
delivery offers novel approaches for siRNA delivery using CS as a
vector (Gao et al., 2005).



4 W.E. Rudzinski, T.M. Aminabhavi / International Journal of Pharmaceutics 399 (2010) 1–11

repar

5
c

p
o
c
i
o
t

5
(

i
s
a
i
F
i
e
d
t
t
a
e
o
s

(
e
g
U
N
r
a

act strongly with siRNA and PSTPP to reduce the particle size. A
higher transfection efficiency of 83% is observed for siRNA adsorbed
onto CS glutamate NPs than CS hydrochloride NPs (72%). In vitro
experiments performed on CHO K1 and HEK 293 cell lines reveal
Fig. 2. Scheme for the p

. Parameters affecting transfection efficiency of
hitosan-based carriers

Even though there is no general rule per se as to the effect of
arameters like MW, DD, nitrogen/phosphorus (N/P) charge ratio
f chitosan to siRNA, pH and substituent groups on the chemi-
ally modified CS, studies have elucidated the optimum conditions
nvolving these parameters for achieving a practically useful range
f transfection efficiency. The following sub-sections will discuss
hese in greater depth.

.1. Molecular weight, degree of deacetylation and charge ratio
N/P)

Generally, the MW of CS exerts a major influence on its biolog-
cal and physicochemical characteristics. Studies have shown that
iRNA transfection efficiency can be modulated by the MW of CS,
nd since the MW affects polymer chain entanglement, this in turn
nfluences its complexing ability with negatively charged siRNA.
or instance, high MW chitosan will entangle siRNA more read-
ly than low MW chitosan, which results in binding siRNA more
fficiently and protecting the condensed siRNA from enzymatic
egradation and serum components. In a complementary fashion,
he degree of deacetylation and the N/P charge ratio influence the
otal charge associated with the nitrogen groups of CS, and the over-
ll charge of the CS/siRNA complex and ultimately the transfection
fficiency. In this review, we will focus our attention on the effect
f these important parameters on the transfection efficiency for
iRNA delivery using chitosan.

Katas and Alpar were the first to develop stable nanocomplexes
<500 nm size) of CS/siRNA following the protocols of Lopez-Leon
t al. (2005). In that study (Katas and Alpar, 2006), used the ionic

elation method to prepare four CS samples (provided by Protasan
ltrapure, Pronova Biomedical, Norway) having a DD of 86% with an
/P ratio that varied from 1.25 to 15:1. Two each of CS hydrochlo-

ide (MWs of 270 and 110 kDa) and CS glutamate (MWs of 470
nd 160 kDa) were made to react with either polyethylene oxide or
ation CS nanoparticles.

polypropylene oxide in the presence of penta-sodium tripolyphos-
phate (PSTPP) as an ionic cross-linking agent as shown in Fig. 2.
By adjusting the ratio of CS to PSTPP from 4:1 to 6:1, the surface
charge on NPs was made to vary from +40 to +60 mV, but after
adding siRNA (10 �g) at the CS:PSTPP weight ratio of 6:1, the sur-
face charge dropped to +30 mV. The addition of PSTPP increases
surface charge, but after binding with siRNA, the charge drops
because of the neutralization of positive surface charge on CS by
the negatively charged siRNA.

The results (Katas and Alpar, 2006) displayed in Fig. 3 reflect the
influence of MW and N/P ratio on the size of CS NPs. Smaller size NPs
are produced with lower MW CS than higher MW CS, and that size
increases considerably with increasing N/P ratio. Alternatively, no
significant differences are observed in the sizes of siRNA-loaded
and placebo NPs. However, pH exerts an effect on particle size
(see Fig. 4). As the pH decreases, particle size also decreases due
to the increasing number of protonated amine groups that inter-
Fig. 3. Effect of MW of CS and N/P ratio on mean particle size of CS/siRNA NPs.
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Fig. 4. Effect of pH on mean particle size of CS–PSTPP NPs.
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Table 1
Variation of size and zeta potential of CS/siRNA complexes for different values of
N/P Howard et al. (2006).

N/P ratio Size (nm) Zeta potential (mV)

6 228 18.8

F
o

Fig. 5. Chemical structure of thiamine pyrophosphate (TPP).

hat gene silencing is dependent on the method of preparation of
Ps as well as the MW of CS. For instance, CS–PSTPP/siRNA pre-
ared using PSTPP as a cross-linker are better vectors than CS/siRNA
anocomplexes.

A few studies have shown that thiamine pyrophosphate (TPP)
r thiamine diphosphate (see Fig. 5) can be a good cross-linker
o prepare NPs of CS, since it is water-soluble and less toxic than
STPP and plays a key role as a cofactor in carbohydrate metabolism
Engel, 1996) and hence was a prime candidate used to develop
S–siRNA delivery nanocomplexes (Rojanarata et al., 2008). After
ttaching the phosphate groups of TPP to CS, the water solubility
an be improved, since TPP will form a phosphate salt with the pro-
onated amine groups of CS. The amine groups of TPP, particularly
t the nitrogen of thiazolium (which is always positive even under
hysiological pH), will complex with siRNA and thereby, enhance

he complex and its transfection efficiency.

Rojanarata et al. in their study provide another example of a
ase; wherein, a clear-cut dependence of MW on transfection effi-
iency is observed. Four different CS salts (Seafresh Chitosan Lab.,
hailand) were mixed with TPP solution at a molar ratio of 1.5:1.0,

ig. 6. Variation of zeta potential and particle size with weight ratios of CS–TPP/siRNA co
f chitosan.
23 319 31.1
71 176 26.8

285 136 29.5

and the nanocomplexes were then prepared by adding siRNA
solution to the CS–TPP solution and diluting with 0.1% diethylpy-
rocarbonate (DEPC). The particle size of NPs prepared from CS of
MW 20, 45 and 200 kDa increased with increasing CS–TPP/SiRNA
weight ratios from 0.4 to 20, acquiring a maximum size at 20 but
showing a decrease once the weight ratio of 40 was reached. In
contrast, the nanocomplexes prepared from the CS with a MW of
460 kDa had sizes that varied from 360 to 600 nm at all the weight
ratios. The negative zeta potential observed at a weight ratio of
0.4 became positive at a weight ratio of 20, but at greater than
20, the zeta potential increased from +5 to +15 mV as shown in
Fig. 6.

The in vitro studies of transfection efficiency in stable and
endogenous enhanced green fluorescent protein (EGFP) express-
ing HepG2 and a human hepatocarcinoma cell line showed a high
gene-silencing efficiency without showing any influence of pH.
Comparatively, a negligible gene-silencing effect was observed
for siRNA alone, while, complexes of CS–TPP/siRNA containing
EGFP-mismatched siRNA showed no EGFP inhibition, confirming
knockdown specificity. The cytotoxicity was evaluated using the
MTT (methylthiazolyldiphenyl-tetrazolium bromide) cell prolifer-
ation method and TPP/siRNA complexes were found to be safe to
use (Smith et al., 1992).

The silencing efficiency of CS–TPP/siRNA complexes increased
with increasing N/P giving the highest gene-silencing effect of
70–73% at an N/P ratio of 80 for CS samples with a MW of 20
and 45 kDa (see Fig. 7). Smaller size complexes were more effec-
tive than larger ones in reducing gene expression. For formulations
with N/P ratios of 40 and 80, the gene-silencing efficiency decreased
with increasing MW of CS. The reduction in EGFP expression
was also observed in stable constitutive EGFP-HepG2 cells treated

with CS–TPP/siRNA complexes after 1–5 days post-transfection.
These findings show that both the MW of CS and the N/P ratio of
CS–TPP/siRNA complex affect the transfection efficiency of siRNA
(Rojanarata et al., 2008).

mplexes for different MWs viz., (a) 20 kDa, (b) 45 kDa, (c) 200 kDa and (d) 460 kDa



6 W.E. Rudzinski, T.M. Aminabhavi / International Journal of Pharmaceutics 399 (2010) 1–11

F f CS–
r CS sa
4

o
fi
s
o
e
r
n
o
s
o
c
r
i
(
o
g

a
o
1
r
s
m
m
t
u
c
o
N
t
h
(

ig. 7. Effect of weight ratio and MW on gene silencing (% EGFP gene knockdown) o
atios: (a) N/P = 0.4, (b) N/P = 20, (c) N/P = 40, (d) N/P = 80. Symbols for different MW
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Malhotra et al. (2009) studied the effect of MW and N/P ratio
n tranfection and gene-silencing efficiency. They developed ultra-
ne NPs using the ionic gelation method (Calvo et al., 1997) with
odium tripolyphosphate as a cross-linker and three CS samples
f different MW (10 100 and 500 kDa; Wako, Richmond, VA, USA)
ach having a viscosity of 5–20 cP and DD of 80%. Different N/P
atios of CS–TPP ranging from 3:1 to 7:1 were used to produce
anocomplexes of around 20 nm having a positive surface charge
f c. 16.5 mV. The pH affected the particle size and surface charge
uch that at pH 5, the particle size was the smallest irrespective
f the MW of CS. With increasing size of NPs, transfection effi-
iency decreased giving maximum transfection efficiency at the N/P
atio of 200:1. The gene-silencing efficiency studied under vary-
ng N/P ratios and pH, performed on mouse neuro-blastoma cells
Neuro2a), and transfection efficiency analyzed by measuring flu-
rescence intensity suggest that the lowest particle size of 20 nm
ives the highest transfection efficiency.

Howard et al. (2006) studied the effect of N/P ratio on size
nd zeta potential, by performing in vitro and in vivo experiments
n chitosan-based nanocomplexes of CS/siRNA (chitosan of MW
14 kDa, 84% DD; Bioneer A/S, Horsholm, Denmark) in the size
ange of 40–600 nm. Both the size and the morphology of NPs had a
ignificant effect on in vivo studies in human carcinoma cell line and
urine peritoneal macrophages expressing EGFP. The results sum-
arized in Table 1 show the dependence of size on N/P ratio, i.e.,

he higher the N/P ratio, the smaller the particle size (except for val-
es at a low N/P ratio of 6). The formulations possess a net positive
harge of greater than 18 mV and after testing on NIH 3T3 cells for

ver 24 h, in vivo testing indicated rapid uptake (1 h) of Cy5-labeled
Ps, followed by accumulation over a 24 h period. Knockdown of

he endogenous enhanced EGFP was demonstrated in both H1299
uman lung carcinoma cells and murine peritoneal macrophages
77.9% and 89.3% reductions in EGFP fluorescence, respectively).
TPP/siRNA complexes in HepG2 cells after 1-5 days post transfection. Different N/P
mples: 20 kDa (filled circle); 45 kDa (filled triangle); 200 kDa (filled diamond) and

Western Blot analysis showed 90% reduced expression of BCR/ABL-
1 leukemia fusion protein, while BCR expression was unaffected in
K562 (Ph+) cells after the transfection. Effective in vivo RNAi was
achieved in bronchiole epithelial cells of transgenic EGFP mice after
nasal administration of CS/siRNA formulations (37% and 43% reduc-
tions compared to mismatch and untreated control, respectively).
Compared to earlier reports on polyethyleneimine-based systems
for adherent cell lines (Urban-Klein et al., 2005), the present work
showed efficient knockdown.

Liu et al. (2007) prepared CS/siRNA nanoparticles with a 200 nm
diameter using CS (Cognis Deutschland GmbH & Co., Dusseldorf,
Germany) with a MW range of 50–1000 kDa and DD range of
80–95%. They found that size, zeta potential, morphology and
complex stability as well as in vitro gene silencing of CS/siRNA
nanoparticles were dependent on MW and DD. High MW and high
DD samples produced stable NPs, while those prepared with low
MW (10 kDa) and an N/P ratio of 50 showed almost no knockdown
of endogenous EGFP in H1299 human lung carcinoma cells. On the
other hand, NP’s prepared from MW’s in the range of 65–170 kDa
and a DD of 80% showed a gene-silencing efficiency between 45%
and 65%. The highest gene-silencing efficiency of 80% was achieved
when using an N/P ratio of 150 for MWs of 114 and 170 kDa having
a DD of 84%.

A complex coacervation technique was used to produce NPs in
the size range of 180–370 nm using CS samples (Sigma–Aldrich,
St. Louis, MO, USA) of low MW (viscosities of 20–200 cP) and
medium MW (viscosities of 200–800 cP) to encapsulate siRNA
(Yuan et al., 2009). AFM experiments on HeLa transfected cells

after treatment with siRNA showed a rough surface when com-
pared to normal cells. These results are consistent with those
of other investigators (Liu et al., 2007). In vitro studies on HeLa
cells did not show any dependence of transfection efficiency of
CS/SiRNA on the MW of CS. Transfection efficiency in HeLA cells
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Fig. 8. Structure o

as measured by counting green fluorescent marker using fluo-
escent activated cell sorting (FACS), and at a CS concentration
f 1 �g/mL, the transfection efficiencies of low and medium MW
ere 4.47% and 4.18%, respectively, which were higher than those

bserved for the negative control siRNA (0.04%). By increasing the
S concentration to 15 �g/mL, the intensity of the green fluores-
ence also increased giving transfection efficiencies of 22% and
2%, respectively for the low and medium MW when compared to
he transfection efficiency of the positive control, LipofectamineTM

000/siRNA.
Recently, Ji et al. (2009) studied the effect of MW and DD of CS

amples ranging in MW from 190 to 310 kDa and a DD of 75–85%.
he CS/siRNA NPs were produced with irregular, lamellar and den-
ritic structures having a size around 148 nm and a zeta potential
f 58 mV. The carrier system was used to investigate the knock-
own efficiency of gene expression in FHL2 over-expressed human
olorectal cancer Lovo cells and achieved a knockdown of 70%
HL2 gene expression. Western blot analysis showed that signif-
cant FHL2 protein expression was reduced by the NPs; blocking
HL2 expression by siRNA inhibited the growth and proliferation
f human colorectal cancer Lovo cells.

From the foregoing discussions, it is quite evident that molec-
lar weight, degree of deacetylation and N/P charge ratio of the
S–siRNA complexes are major influencing factors in controlling
ransfection efficiency.

.2. Nanocomplexes of chitosan derivatives

Chitosan and its chemically modified derivatives have also been
sed as effective transfection agents for a number of cell lines. In
recent report by Ghosn et al. (2008a,b), chemical modification

f CS was done by introducing an imidazole acetic acid moiety
o CS via carbodiimide chemistry as shown in Fig. 8. This system
howed enhanced endosomal escape and cytoplasmic siRNA dis-
ociation and offered an enhanced gene-silencing effect. The NP
ormulations at different N/P ratios ranging from 5 to 50 were
eveloped in the size range of 300 nm. The zeta potentials ranged
rom +15 mV for an N/P of 5 to +38 mV for an N/P of 50. NPs with
size greater than 300 nm demonstrated significant gene knock-
own efficiency in vitro. The efficiency was nearly twice that of
nmodified CS/siRNA in HEK293 cells.

Pille et al. (2006) investigated the efficacy of intravenously

dministered encapsulated anti-RhoA (Ras homologous A) siRNA
n CS-coated polyisohexylcyanoacrylate (PIHCA) NPs toward
enografted aggressive breast cancers (MDA-MB-231). After
dministering the NP’s for 3 days at a dose rate of 150 or 1500 �g/kg
ody weight of the mice, the growth of tumors was inhibited by 90%
odified chitosan.

in the 150 �g/kg animal models and even more in the 1500 �g/kg
group. This therapy using anti-RhoA siRNA was effective in cancer
treatment.

Anderson et al. (2008) devised a method to produce gene silenc-
ing, active, lyophilized, cationic CS or lipid (TransIT-TKO) siRNA
formulations for efficient knockdown of EGFP in H1299 human lung
carcinoma cells. The cells were transfected in plates pre-coated
with both TransIT-TKO/siRNA (85%) and CS/siRNA formulations
containing sucrose as a lyoprotectant (70%). The nanocomplexes
produced were in the size range of 126–168 nm (the latter with
10% sucrose) by a modified technique described previously (Ghosn
et al., 2008a). Both the systems were lyophilized onto microwell
plastic plates with and without excipients. The cellular toxicity and
knockdown efficiency of EGFP expressed in human epithelial cell
line H1299 and cytokine tumor necrosis factor (TNF-�) in the RAW
246.7 murine macrophage cell line were quite effective in achiev-
ing gene silencing. The advantage of the Anderson method is that
it avoids siRNA reconstitution before adding onto cells. The silenc-
ing activity of CS/siRNA was active for two months when stored
at ambient temperature. Silencing of pro-inflammatory TNF-� was
also demonstrated in RAW macrophage cell line using lyophilized
CS/siRNA, suggesting that the coating has improved the biocom-
patibility.

Even though conventional organic fluorophores have been used
to track the delivery of siRNA in vitro, they do not match the superior
optical properties of quantum dots (QDs). QDs are colloidal semi-
conductor nanocrystals of only a few nanometer size that exhibit
unique optical and electronic properties due to quantum confine-
ment effects. Compared to conventional organic fluorophores, QDs
are more stable toward photo-bleaching, have tighter and more
controllable emission bands, broader absorption spectra and higher
quantum yields. Thus, instead of using conventional fluorophores,
QDs in CS NPs were prepared in order to provide a more attractive
way of monitoring the delivery of siRNA into cells, especially when
long-term tracking is required (Tan et al., 2007). They prepared
NPs of CS loaded with human epidermal growth factor receptor
2 (HER2siRNA) and doped with fluorescent QDs as a self-tracking
and non-viral vehicle to deliver siRNA. Water-soluble green fluo-
rescent CdSe/ZnS QDs were synthesized as described before (Yang
and Zhang, 2004) and used to bind to cationic CS through an elec-
trostatic attraction between oppositely charged species, forming
monodisperse CS–QD NPs of around 60 nm. The size of the NPs even
after conjugation with siRNA was around 80 nm with a negative

zeta potential. The N/P ratio of 8 was found to be optimal for conju-
gation of HER2siRNA to CS–QDs. The NPs successfully tracked the
in vitro delivery of HER2siRNA (Ghosn et al., 2008a), and they were
readily internalized into cells thus, achieving a desirable silencing
effect on HER2 gene via RNAi.
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Tahara et al. (2008) developed a simple method to prepare
S-coated PLGA NPs for gene delivery using the emulsion sol-
ent diffusion (ESD) method without sonication, by dissolving both
olymer and drug in organic solvent. DOTAP was used as a cationic
gent to increase the loading efficiency of siRNA. PLGA NPs coated
ith CS reduced the initial burst of siRNA release, but prolonged
ts release at a later stage. The CS coating also enhanced the trans-
ort of siRNA across the cell membrane. Particle size, zeta potential,
rug loading efficiency and the release profile of siRNA-loaded and
S-coated PLGA NPs prepared by the ESD method were compared

Fig. 10. Reaction scheme used in
) alginate and (c) polyguluronate (PG).

with those NPs prepared by the water/oil/water (w/o/w) emulsion
solvent evaporation method and found to be better.

Lee et al. (2009) reported a potential siRNA delivery system
using CS and an alginate derivative viz., polyguluronate (PG), which
is biocompatible and nontoxic, and can be used to crosslink CS
to form stable NPs when prepared by a coacervation method

(see Fig. 9). Various physicochemical properties of the CS/PG NPs,
including size, surface charge, morphology and interaction with
siRNA were studied. CS with a MW of 470 kDa and a DD of 86%
was used, while the alginate had a MW of 200 kDa (both from

the synthesis of CS-g-PEI.
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MC Biopolymer, Norway). The size of the nanoparticles ranged
rom 110 to 430 nm, as the N/P ratio increased from 5 to 20 and
he surface charge remained around +10 mV. The CS/PG loaded
ith siRNA showed low toxicity and a gene-silencing effect in

he presence of serum when delivered to HEK 293FT and HeLa
ells; Lipofectamine and poly(l-lysine) were used as positive con-
rols. The gene-silencing effect was negligible for naked siRNA,
hile complexes of Lipofectamine/mismatch siRNA demonstrated

nockdown specificity, indicating that the gene-silencing effect
as enhanced by the inclusion of PG.

Jere et al. (2009a,b) developed CS-graft-polyethyleneimine (CS-
-PEI) copolymer composed of CS with a MW of 100 kDa and a DD
f 88% and low molecular weight PEI for delivering siRNA to lung
ancer cells. Synthesis of CS-g-PEI was done through an imine reac-
ion between periodate-oxidized CS and low MW PEI (1.8 kDa) as
escribed previously (Jiang et al., 2007) (see Fig. 10). The MW of the
opolymer was around 25 kDa and the NP size 150 nm. The CS-g-
EI complex loaded with siRNA was stable with a compact spherical

orphology, and used for the silencing of reporter EGFP and onco-

rotein Akt1. The consequences of Akt1 silencing on cancer cell
urvival, proliferation, malignancy and metastasis were evaluated
n vitro. These nanocomplexes, when delivered to the cells, effi-
iently reduced Akt1 protein expression in A549 cells, suggesting
hesis of folate-CS-g-PEI copolymer.

that the carrier has a tremendous potential in siRNA-based cancer
studies, since it can be safely and efficiently delivered to lung cancer
cells.

In a continuing study by Jiang et al. (2009), folate-CS-g-PEI
copolymer was prepared by an imine reaction between periodate-
oxidized folate-CS (FCS) and low MW PEI. The nanocomplex
was developed as a siRNA carrier for cancer cell targeting (see
Fig. 11). The size of the NP’s was less than 80 nm. At N/P = 0.1,
where the complexes could not be formed completely, the zeta
potential was negative (−23 mV), but with increasing N/P ratios,
the zeta potential rapidly increased to positive values (18 mV at
N/P = 14). Cytotoxicity, transfection efficiency and cancer cell speci-
ficity of these systems were better than the previously reported
CS-g-PEI carrier device (Jere et al., 2009a,b). Aerosol delivery of
folate-CS-g-PEI/Akt1 siRNA suppressed lung tumorigenesis in the
urethane-induced lung cancer mouse model through an Akt signal-
ing pathway.
6. In vitro and in vivo applications of CS/siRNA complexes

From the foregoing discussions, it is evident that CS and CS-
based devices are safe and efficient in gene delivery. However,
cancer treatment is by far the most important proposed applica-
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ion of gene therapy and many clinical trials using gene therapy
re under investigation. Particularly, cationic polymers including
S derivatives have been used in animal models, but clinical tri-
ls are lagging due to a low transfection efficiency. Even though
he formation of CS–siRNA nanoparticles is a vital requirement, the
tability and extra cellular protection of siRNA is equally important.
fter cellular uptake of stable NPs by endocytosis, endosome lysis
nd disassembly are needed to allow RNA mediated gene silenc-
ng. Thus, a proper balance between protection and release plays a
rucial role in the biological functioning of siRNA (Kim et al., 2007).

Compared to research in vitro with CS-based systems, in vivo
esearch is still in the developmental stage. Only a few studies
re available which detail in vivo trials of CS–siRNA nanocom-
lexes in silencing gene expression in animals. As discussed before,
oward et al. (2006) used CS–siRNA nanocomplexes for silencing
GFP expression in the transgenic EGFP mouse model. Zhang et al.
2005) investigated Nanogene 042 for de novo expression of siNS1
n lung tissues for protection from RSV infection and delivered the
lasmid-born siRNA targeting the NS1 gene (siNS1). The Nano-
ene 042 showed higher transfection efficiency and induced lesser
nflammation than the classical high MW chitosan. Pille et al. (Pille
t al., 2006) reported the successful administration of anti-RhoA
iRNA by CS-coated poly(isohexyl cyanoacrylate) nanoparticles
ntravenously, which is essential for the success of siRNA tech-
ology in clinical strategies and also advantageous for targeting
rimary tumors.

. Conclusions

RNA interference has proven to be an extremely potent and ver-
atile tool to specifically knockdown the expression of targeted
enes. In recent years, this technology is emerging as a powerful
ool for in vivo research, both to address questions of basic biology
nd the needs of drug development programs. From the literature,
t is evident that chitosan or its derivatives are promising carriers,
ince the polymers are non-toxic, biodegradable and less immuno-
enic than viral vectors. Their successful application, however,
epends on optimizing molecular weight, degree of deacetyla-
ion, the chitosan/siRNA ratio (N/P ratio), pH, and the type and
ature of any derivatizing or cross-linking agent. A low molecular
eight, high degree of deacetylation, small particle size (100 nm)

nd a moderate, positive, surface zeta potential along with a high
/P ratio are advantageous to achieve high transfection efficiency.
mong non-viral vectors for siRNA delivery, chitosan and its deriva-

ives are promising alternatives to viral vectors for targeting siRNA
o specific cells.
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